Scarcity of water is the most severe constraint for development of agriculture in arid and semi-arid areas. Under this condition, irrigation management has to be improved while still achieving high yield. This study was conducted in North Gondar zone in 2010/2011 to investigate deficit irrigation scheduling on potato yield and yield components. Nine treatment combination: Irrigation frequency based on Cropwat model output, two modified irrigation frequency and two deficit irrigations of 25 and 50% were laid out with three replications in randomized complete block design (RCBD) in factorial combinations. It was found that irrigation scheduling significantly affected yield and some yield components. The highest marketable tuber yields was obtained from 0% deficit irrigation and frequency of F1-2 days (T9) which was 26.33 t ha -1 , whereas 25% deficit irrigation with F1-2 days frequency (T8) gave 25.68 t ha -1 . The lowest marketable yield was 3.4 t ha -1 from T4. The highest water use efficiency (WUE) were obtained from T7 and T8 which were 6.61 and 5.59 kg mm -1 , respectively. Therefore, applying 75% of full irrigation depth throughout the whole growing season with frequency based on Cropwat model scheduling -2 days resulted better potato yield and saved significant depth of water which improved WUE.
INTRODUCTION
Irrigation is an age-old art-perhaps as old as civilization. Nevertheless, the increasing need for crop production due to the growing population in the world is necessitating a rapid expansion of irrigated agriculture throughout the world. As population increases and development calls for, the allocations of ground and surface water for the domestic, agriculture and industrial sectors increased; as a result the pressure on water resources intensifies. The increasing stress on freshwater resources brought about by ever rising demand of water is of serious concern (FAO, 2008) . Despite the increase in water use by sectors other than agriculture, irrigation continues to be the main water user on a global scale. Irrigated agriculture consumes more than 70% of the water drawn from the rivers of the world and for the developing world; the proportion can reach 80% (FAO, 2002) . In addition, the demand on the limited finite water supplies is increasing from time to time. Different economic sectors other than agriculture such as, hydroelectric production, industries, fishery, recreation or tourism, river, or lake navigation etc., also depend on water. Further, the trend for maintaining the natural river flows aimed at maintaining the natural environment has been increasing implying that the water that could be *Corresponding author. E-mail: d.nigus19@gmail.com be abstracted for irrigation has to be regulated. Improving the efficiency of water use will contribute to saving water for irrigation development, thus, improving the productivity of irrigation, and to the expansion of other water dependant economic sectors.
The situation is no more different in Ethiopia. It has been clearly and loudly stated that if Ethiopia is to feed its ever increasing population, lessen risk of catastrophes caused by drought, and increase population density in the arid and sparsely populated areas, continuous and extensive effort need to be made towards developing irrigated agriculture and intensifying agricultural production.
For a country like Ethiopia that follows Agricultural Development Lead Industrialization (ADLI), there is no readily identifiable yield increasing technology other than improved seed-irrigation, fertilizer approach. Irrigation will, therefore, play an increasingly important role now and in the future both to increase the yield from already cultivated land and to permit the cultivation of what is today called marginal or unusable land due to moisture deficiency (FAO, 2002) . In addition, production intensification without irrigation in the face of vagaries of weather cannot be imagined.
Moreover, under the traditional rain dependent agricultural system, improving crop management under rainfed condition could not be expected to provide a reliable output satisfying the ever increasing demands for food. Therefore, use of irrigated agriculture together with other productivity enhancing technologies such as deficit irrigation is the way out to ensure productivity which can meet the growing demand for agricultural produces.
The Federal and Regional Governments in Ethiopia have given due emphasis to irrigated agriculture to ensure food self-sufficiency. For instance, the Amhara Regional State has many irrigation development projects undergoing within the region. The Koga, Rib and Megech projects are among those in the region. In most irrigable lands, horticultural crops play an important role in contributing to the household food security. The horticultural crops such as garlic, onion, carrot being cash crop with nutritional value generate income for the poor households. Higher profits can be achieved by increasing productivity and production throughout the year when efficient irrigation system is used.
With increasing municipal and industrial demands for water, its allocation for agriculture is decreasing steadily. The major agricultural use of water is for irrigation, which, thus, is affected by decreased supply. Therefore, innovations are needed to increase the efficiency of use of the water that is available. There are several possible approaches. Irrigation technologies and irrigation scheduling may be adapted for more-effective and rational uses of limited supplies of water. It is necessary to develop new irrigation scheduling approaches, not necessarily based on full crop water requirement, but once designed to ensure the optimal use of allocated water with deficit irrigation scheduling. Deficit (or regulated deficit) irrigation Demelash 1145 is one way of maximizing water use efficiency (WUE) for higher yields per unit of irrigation water applied: the crop is exposed to a certain level of water stress either during a particular period or throughout the whole growing season. The expectation is that any yield reduction will be insignificant compared with the benefits gained through diverting the saved water to irrigate additional land. The grower must have prior knowledge of crop yield responses to deficit irrigation (Shock et al., 1998) . Many researchers have evaluated the feasibility of deficit irrigation and whether significant savings in irrigation water are possible without significant yield penalties (Shock et al., 1998; Zhang et al., 2006; Shahnazari et al., 2007; Serhat and Abdurrahim, 2009 ). Similar works on potato (Trebejo and Midmore, 1990; Minhas and Bansal, 1991) and on many other crops have demonstrated the possibility of achieving optimum crop yields under deficit irrigation practices by allowing a certain level of yield loss from a given crop with higher returns gained from the diversion of water for irrigation of other crops. This new concept of irrigation scheduling has different names, such as regulated deficit irrigation, preplanned deficit evapotranspiration, and deficit irrigation (English et al., 1990) .
In North Gondar zone, Megech irrigation area, irrigation is typically applied on a routine basis without scheduling and inadequate management of irrigation water has been an important limiting factor to potato production. The farmers generally lack knowledge on aspects of soilwater-plant relationship and they apply water to the crop regardless of the plant needs. They seem to relate irrigation occurrence to days after planting with fixed intervals and water amounts rather than to crop stage progress. Therefore, irrigation scheduling based on deficit irrigation requires careful evaluation to ensure enhanced efficient use of increasingly scarce irrigation water in this area. The knowledge of proper irrigation scheduling, when to irrigate and how much water to apply, is essential to optimize crop production per unit water and for sustaining irrigated agriculture on permanent footing (Anac et al., 1999) . In many deve-loping countries like Ethiopia, irrigation interval turns are mutually agreed and fixed among growers according to a pre-fixed schedule, this situation is no more different in North Gondar zone. However, this method does not give due consideration to crop water requirement, soil and water relations, yield responses, scarcity of water and climatic conditions. It is therefore, with this rationale that this study was conducted with objectives to determine optimum deficit irrigation depth and frequency relations, and to estimate WUE of potato for the study area.
MATERIALS AND METHODS

General description of the study area
The study area is located in the northwest part of Amhara National Regional State; North Gondar zone (12.50°N latitude and 37.24°E (Table 1) and it is erratic and uneven in distribution. The mean maximum temperature of the area is about 30.6°C, while the mean minimum temperature is about 12°C. The mean annual rainfall (1979 to 2009) in the area is about 1101 mm (Table 1) and it is erratic and uneven in distribution (NMSA, 2009) .
Experimental design and treatments
The study was conducted from 07/12/2010 to 05/04/2011. The experiment involved a factorial combination of two deficit and one control irrigation depth and three irrigation frequencies laid out in randomized complete block design (RCBD) with three replications. The treatments combinations were: T1 = F1L1 -(Irrigation frequency based on Cropwat model output and application of 50% deficit irrigation) T2 = F1L2 -(Irrigation frequency based on Cropwat model output and application of 25% deficit irrigation) T3 = F1L3 -(Irrigation frequency based on Cropwat model output and application of 0% deficit irrigation) T4 = F2L1 -(Irrigation frequency based on Cropwat model output + 2 days and application of 50% deficit irrigation) T5 = F2L2 -(Irrigation frequency based on Cropwat model output scheduling + 2 days and application of 25% deficit irrigation) T6 = F2L3 -(Irrigation frequency based on Cropwat model output + 2 days and application of 0% deficit irrigation) T7 = F3L1 -(Irrigation frequency based on Cropwat model -2 days and application of 50% deficit irrigation) T8 = F3L2 -(Irrigation frequency based on Cropwat model -2 days and application of 25% deficit irrigation) T9 = F3L3 -(Irrigation frequency based on Cropwat model -2 days and application of 0% deficit irrigation)
Well-sprouted potato tubers were planted on prepared ridges in rows with 70 cm spacing between rows and 30 cm between plants. Each plot consisted of four ridges and five furrows. Each furrow bed had 40 cm width at the bottom. The furrow had a parabolic shape with an average depth of 8 cm and width of 20 cm at the top. Fertilizer was applied on the prepared ridges in a band form and incorporated into the soil. The rate of fertilizer applied was 111 kg N ha -1 and 90 kg P2O5 ha -1 . Half of the rate of nitrogen (N) fertilizer and full rate of phosphorus (P) fertilizer were applied at sowing. The second half of the N fertilizer as urea was applied at 45 days after planting. 
Determination of crop and irrigation water requirement of potato
Crop water requirement of potato was determined using the Cropwat model based on the climatic data of the area, the crop to be grown (potato). Input data for the model were obtained from the National Meteorological Services Agency, Soil laboratory results and FAO publications. Thirty (30) years (1979 to 2009) meteorological data was used to estimate crop water requirement and the data was obtained from Bahir dar National Meteorological Station. Calculations of water and irrigation requirements utilize inputs of climate, crop and soil data, as well as method of irrigation and rainfall data. Reference evapotranspiration was calculated from temperature, humidity, sunshine and wind speed data, according to the FAO Penman-Monteith method (Allen et al., 1998) .
As per the output of the model, the optimum seasonal irrigation requirement was found to be 517.46 mm. As per the Cropwat program, the anticipated effective rainfall during the growing season was about 23.17 mm. However, there was no rainfall during the experiment period. Analysis of monthly reference evapotranspiration (ETo) calculated from meteorological data of 30 years data (1979 to 2009) meteorological station shows that the minimum reference ETo occurred in July (3.14 mm day -1 ) and the maximum in March (5.61 mm day -1 ) ( Table 2 ). The soil data include information on total available soil water content and maximum infiltration rate. These were determined by gravimetric method and double ring infiltrometer, respectively. The initial soil water content at the start of the season was also needed and was determined to be 156 mm m -1 of soil depth. Through the soil moisture content and evapotranspiration rates, the soil water balance was calculated on weekly bases by the Cropwat model.
Soil analysis
In the laboratory, soil samples were analyzed for bulk density, soil moisture, field capacity, permanent wilting point, soil texture, and soil pH at the Adet Agricultural Research Centre.
Soil texture of the field was determined in the laboratory using Hydrometer method. Soil bulk density was determined from undisturbed soil sample taken using a metal cylinder (core sampler) of known volume (100 cm 3 ) that was driven into the soil of desired depth and calculated as the ratio of oven dry weight of soil to a known cylinder core sampler volume. Since bulk density varies considerably spatially, the measurements were taken at three different soil depths of the soil profile and three samples across the experimental site. The gravimetric method was used to determine the soil moisture content and calculated as a dry weighed fraction (Michael, 2008) .
The water content at field capacity was determined in the laboratory by using a pressure (porous) plate apparatus by applying -1/3 bar to a saturated soil sample. When water is no longer leaving the soil sample, the soil moisture was taken as field capacity. Permanent wilting point was also determined by using pressure membrane apparatus by applying -15 bar to a saturated soil sample. When water is no longer leaving the soil sample, the soil moisture was taken as permanent wilting point. Soil pH was determined from saturation pest extract using pH meter.
Plant and yield parameters measured
Data were recorded on plot basis and extrapolated in hectare basis. All parameters were determined and calculated from the middle two rows. Plant height, number of stems, days to physiological maturity, average number of tubers per plant, marketable tuber, unmarketable tuber yield and total tuber yield were recorded. Irrigation IWUE was computed as the ratio of the yield (kg ha -1 ) to the depth of irrigation applied (m 3 ) (Michael, 2008) .
Depth of irrigation under the different treatments
All treatments were set according to the initially planned framework and received the required irrigation depth and frequency (Table 4) . Table 3 shows the net depths of water applied to each treatment and the number of irrigation in the experiment period. It is to be stressed that there was no rainfall during the experiment period.
Data analysis
The data collected from the field study were subjected for analysis of variance (ANOVA) using SAS software. Whenever treatment effects were significant, mean comparison were made using least significant difference (LSD).
RESULTS AND DISCUSSION
Characterization of the experimental soil
The result of the textural analysis of the soil from the experiment site (Table 5) showed that the composition of clay, silt and sand percentage were 33.76, 38.62 and 27.62, respectively. Thus, as per the USDA soil textural classification, the soil was classified as clay loam soil. The bulk density of soil of the area showed variation with depth (Table 6 ). It varied between 1.19 and 1.33 g cm -3 and generally the surface soil had slightly lower bulk density than the subsurface soil. The soil had an average bulk density of 1.24 g cm -3
. The soil pH of the experimental field also varied with depth. The pH of the experimental site ranged from 5.57 to 6.35 in the 0 to 60 cm depth. The average pH of the soil was 6.07 which showed that the soil of the site was suitable for potato crop production with regard to soil pH.
The water content at field capacity and permanent wilting point of the soil were determined to be 32.21 and 19.52%, respectively. The moisture content at field capacity varied with depth between 35.63 and 29.10% on mass basis. The top 0 to 20 cm had a larger average water content of field capacity value of 35.63%, while the subsurface 40 to 60 cm had a lower value of field capacity that was 29.10%. The moisture content at permanent wilting point also showed variation with depth with values of 21.56% at the top (0 to 20 cm) and at the subsurface (40 to 60 cm) the value of permanent wilting point was 17.89%.
Total available water (TAW) which is the depth of water that a crop can extract from its root zone is directly related to variation in field capacity and permanent wilting point. The total average available soil moisture was 156.67 mm m -1 of soil depth and the maximum infiltration rate of the soil was 40 mm h -1
. As a result, high value of TAW is found in top soil; whereas lower values are found in the subsurface soil (Table 6 ).
Agronomic response of potato
Plant height
Plant height was significantly (P < 0.05) influenced by variation in the depth and frequency of water application. Irrigation depth × irrigation frequency interaction was found to be significant with respect to plant height (Table  7) . T9 which received the maximum depth irrigation with frequency of F1-2 days of irrigation water and T8 which received the 75% of full irrigation depth with frequency of F1-2 days of irrigation water had the highest plant height. Whereas the most stressed crops that is, T4 had the shortest plant height (Table 7) . Stressing the crop by 25% deficit throughout the growing season with frequency of F1-2 days had a comparable plant height to 0% deficit with the same frequency. As shown in Table 7 , plant height increased consistently from 40.33 cm for an irrigation depth of 50% of full irrigation depth and F1+2 frequency of application of water requirement to 62.6 cm to that of full irrigation and F1-2 days irrigation frequency of application. The main effect of irrigation depth and frequency on plant height was also showed significant (p < 0.05) difference (Table 7 ). Thus, it is possible to conclude from the present observation that irrigation frequency is helpful in amplifying the effect of irrigation depth on plant height.
Stem number
Both irrigation depth and frequency showed nonsignificant difference in stem number (Table 8 ). Despite the fact that stem number is one of the most important yield components in potato, the results of the present study showed that the influences of irrigation depth and frequency on stem number were statistically nonsignificant. This could be due to the fact that stem number is determined very early in the ontogeny of the plant. It could also be due to the case that this trait was not influenced much by irrigation depth and frequency unless the depth of irrigation is too low.
Days to physiological maturity
Data on days to physiological maturity of potato was influenced by variation in the moisture level of the soil. However, there was no statistically significant difference in different levels of irrigation water on days to maturity between treatments T1 to T8 (Table 8) . However, Treatment 9 with the maximum depth and frequency of irrigation application experienced a prolonged time to maturity. Similar result was also observed by Marouelli and Silva (2007) .
Average tuber number per hill
The average tuber number results obtained are presented in Table 8 . There was statistically significant (P < 0.05) difference in average number of tuber among the treatment. The highest numbers of tubers were recorded from treatment T9. However, there was a considerable size variation in this treatment. Extra large and too small tuber sizes were observed. The lowest average number of tubers was observed for T4 indicating that there was considerable variation in the number of tubers among the treatments. There were significant (P < 0.05) responses to application irrigation depth and frequency in actual tuber numbers (Table 8 ). The highest average number of tuber (10.46) was found in treatment T9. The lowest number (4.47) was found in the treatment T4. Application of optimum irrigation at T8 gave relatively better tuber size with relatively higher tuber number as compared with the treatments. T3 and T7 also showed better performance in tuber size and number.
Marketable tuber yield
The difference observed in marketable tuber yield between treatments was statistically significant (p < 0.05). However, there was no statistically significant difference in marketable tuber yield between T9 and T8 which gave 26.33 and 25.68 t ha -1 , respectively. The lowest marketable yield was observed in T4, which was 3.4 t ha -1 (Table 9) .
Decreasing irrigation depth from 100% application to 75% application with frequency of F1-2 days throughout the growing season decreased marketable tuber yield from 26.33 to 25.68 t ha -1 (Table 9 ). The difference in marketable yield was only 0.65 t ha -1 , which was statistically non significant. However, increasing irrigation depth from 50% application with irrigation frequency of F1+2 days to 100% application with F1-2 days application frequency and 75% application with F1-2 days application frequency increased marketable tuber yield from 3.40 to 26.33 t ha -1 and 25.68 t ha -1
, respectively (Table 9 ). The yield increment due to irrigation depth and irrigation frequency was statistically significant (p < 0.05) between T4 and T9, and between T4 and T8. This result is similar to other study (Serhat and Abdurrahim, 2009 ). Potato needs frequent-irrigation for a good growth and yield. Yield is considerably affected by storage quality; disease resistance, the time, depth and frequency of irrigation. Water excess in the soil decreases the oxygen diffusion rate in the root zone (Wan and Kang, 2006) affecting crop yield increment.
As shown from Table 9 , the interaction effect of irrigation depth (L) with irrigation application frequency (F) on marketable tuber yield was found to be significant (p < 0.05). The main effect of irrigation depth and frequency on marketable tuber yield was also statistically significant (p < 0.05). Improper irrigation depth and frequency can substantially reduce yields by increasing the proportion of rough, misshapen tubers and smaller sized tubers.
Widely fluctuating soil water contents and/or too frequent application of irrigation with maximum irrigation depth creates the greatest opportunity for developing these tubers defects results in increasing unmarketable tubers. Growth cracks are also associated with wide fluctuations in soil water availability and corresponding changes in tuber turgidity and volume of internal tissues (King and Stark, 1997). Means followed by the same letter within a column or row are not statistically significantly different at 5% level of significance.
Unmarketable tuber yield
As shown in , respectively. This result seemed to suggest that unmarketable tuber yield can be controlled more effectively by irrigation depth and frequency management. The unmarketable tuber yield was significantly reduced from 8.12 to 2.67 t ha -1 . Decreasing irrigation depth from 100% application to 75% application with the same irrigation frequency of F1-2 days throughout the growing season reduced unmarketable tuber yield from 8.12 to 2.67 t ha . The result showed in Table 8 that, improper irrigation depth and frequency substantially reduce yields by increasing the proportion of rough, misshapen tubers. Widely fluctuating soil water contents create the greatest opportunity for developing these tubers defects (Serhat and Abdurrahim, 2009; King and Stark, 1997) .
Total tuber yield
Total potato tuber yield remarkably increased with the application of water. Application of optimum irrigation scheduling significantly increased total tuber yield (Table  10) . Applying the right depth of irrigation and frequency of application increased the total tuber yield of potato production. This result is comparable to those obtained in other studies (Faberio et al., 2001; Ferreıra and Carr, 2002) . The highest total tuber yield (34.45 t ha ) on the other hand was recorded in the treatment T4.Total potato tuber production in the experiment was proportional to the availability of water but as stress intensity increased total tuber yield decreased (Table 10 ). Total tuber yield was affected severely when stress was imposed throughout the growing season with low irrigation frequency.
As depicted in Table 10 , the yield response of potato to variations in soil moisture was statistically highly significant (P < 0.05). This result is also in agreement with the finding of Ferreira and Carr (2002) . Treatments 9 and 8 with maximum and optimum depth of irrigation water and frequency of application resulted in highest total yield. Whereas the stressed plant with minimum irrigation depth and frequency resulted in lowest yield.
As shown in Table 10 , the L and F interaction effect was highly significant in increasing total tuber yield. The result was evident that as the level of irrigation water depth and time of application increases towards the optimum value, tuber yield also increased. Similarly, increasing the level of frequency highly significantly increased total tuber yield from 13.8 to 24.9 t ha -1 .
Above ground biomass
The ANOVA showed that irrigation scheduling significantly affected the above ground biomass (p < 0.05). As shown in Table 11 , the irrigation depth and frequency interaction effect was significant (p < 0.05) in increasing above ground biomass from 14.54 to 46.19 t ha -1 as the depth of irrigation increased from 50% deficit irrigation to 0% deficit irrigation. The positive response of above ground biomass with increasing frequency of irrigation and the level of irrigation depth could be attributed to vegetative growth. The results also revealed that interaction of irrigation depth and irrigation frequency was statistically significant (p < 0.05) on above ground biomass (Table 11 ). The highest biomass was obtained when 0% deficit irrigation in combination with F1-2 days irrigation frequency (T9). However, the difference between these treatments was not statistically significant. It is also interesting to note that the least above ground biomass was recorded with the lowest irrigation amount and frequency.
Water use efficiencies
The result of this study showed that WUE was variable depending on the treatments applications ( , respectively. The lowest value was obtained from T5 and T4. These results are similar to that reported by Onder et al. (2005) .
Applying irrigation water 75% of full irrigation depth throughout the whole growing season with frequency of F1-2 days improved WUE. The proper application of deficit irrigation practices can generate significant savings in irrigation water allocation without significant yield reduction. The difference in marketable yield between T8 and T9 was only 0.65 t ha -1 , which was statistically insignificant in terms of yield change. However, significant depth of water was saved (Table 12 ).
The results in Table 12 showed that significant depth of water was saved without significant yield reduction. 157.0 mm water was saved in T8 relative to T9. Hence, diverting the saved water to increase the area irrigated may compensate for decreases in crop yields.Experimental results from field trials confirmed that with deficit irrigation strategies it is possible to increase WUE and save water for irrigation at T6 and T7. This could be especially important for areas facing with drought and limited water resources for agricultural production.Compared with full irrigation, the deficit irrigation treatments saved significant depth of water to irrigation, leading to increase of WUE. Similar data were obtained by other authors (Liu et al., 2005; Shahnazari et al., 2007) . Water productivity increases under deficit irrigation, relative to its value under full irrigation, as shown experimentally for many crops (Fan et al., 2005; Zwart and Bastiaanssen, 2004) .
Conclusions
One of the irrigation management practices which could result in water saving is deficit irrigation. This experiment was conducted to study the effects of different irrigation levels and irrigation frequencies on yield and water productivity of potato (Solanum tuberosum L.) in North Gondar zone, Ethiopia. This study results confirmed that with deficit irrigation strategies it is possible to increase yield, water productivity and save significant depth of water for irrigation. The highest marketable yield was obtained from T9 which was 26.33 t ha -1 and T8 gave 25.68 t ha -1 . The lowest marketable yield was in T4 (3.4 t ha -1 ). Since, the yield difference was between T8 and T9 was insignificant, 25% deficit irrigation with frequency based on Cropwat model scheduling -2 days irrigation interval was suitable to recommend. High WUE values were obtained from in T7 (6.61 kg mm ). However, T8 gave higher marketable yield than T7 which were 25.68 and 18.74 t ha -1 , respectively. The lowest value was obtained from T5 and T4. Therefore, T8 (25% deficit irrigation and F1-2 days interval of irrigation application) was better in performance than T7 and the water productivity of potato in the study area was estimated as 4.54 to 5.06 kg m -3 . Irrigation systems best suited to this task were capable of light, uniform, and frequent water applications which was 75% full irrigation and F1-2 days interval of irrigation application. Timing and depth of water application was determined as 75% of full irrigation in combination with F1-2 days irrigation frequency which was applied to minimize soil water fluctuations throughout the growing season. Potato needs frequent-irrigation for a good growth and yield and for high water productivity. It can, therefore, recommended that applying irrigation water 75% of full irrigation depth throughout the whole growing season of potato with frequency based on Cropwat model scheduling -2 days resulted better yield, saved significant depth of water and improved WUE which can be taken as optimum irrigation depth and frequency.
